Abstract-In this paper, the interest of microwave signals for biological detection applications using metamaterial structure as a biosensor element has been demonstrated. Microwave sensing is highly challenging for biological detection as it presents the attractive advantages of being contactless, non-invasive at low power level and yet its label free. The resonant frequency of the sensor is measured as 4.96 GHz. The shift in resonant frequency is employed as the sensor output for deoxyribonucleic acid (DNA) detection. The resonance frequency is shifted to the left when single stranded deoxyribonucleic acid (ssDNA) is immobilized onto gold surface and further shifted when hybridization or the binding event between the molecule of ssDNA and cDNA occurred. The sensitivity of this biosensor is up to 10 MHz/μMolar with the detection limit of 1μMolar is conducted during this experiment.
I. INTRODUCTION
Recently, the development of biosensor in order to analyze the nucleotide sequence through biomolecule binding has gained significant attention in various field such as clinical diagnoses, pathogen identification, food safety analysis and many more. Generally, a biosensor is a device comprising a biological sensing element (enzyme, antibody, antigen, DNA, cells, tissues) connected to a transducer as a detector that able to convert a biological signal into a measurable and readable electrical signal. In this work, Deoxyribonucleic Acid (DNA) is chosen as a sensitive biological element to be detected. Yet, most of the DNA detection techniques are based on DNA hybridization event, in which two complete single stranded DNA (ssDNA) were bind together to form a double sided DNA (dsDNA).
However, most conventional bio-sensing techniques used to detect and analyse biomolecular binding, requires specific labels to enhance signal discrimination, such as fluorescent molecules [1] , magnetic or gold particles [2] [3] , or other surface treatments for antibodies attachment [4] [5] . However, these specific labelling techniques induce some drawbacks such as the need for sophisticated equipment, rigorous sample preparation, off-site verification, excessive consumption and also time consuming. Furthermore, due to the nanosize of a DNA molecule, the detection signal provided by the transducer always been very low to discriminate different biomolecule sample. Finding a good method for biomolecule detection has become a hot issue in sensing applications. Therefore, a simple, robust, inexpensive, sensitive and label free method for DNA hybridization sensor is more favorable.
In response to these issues, microwave biosensor is introduced for the detection of biological material. When dealing with high frequency applications, permittivity is one of the important property in describing the behavior of material when the material under test is exposed to the applied electric field. Thus, the measurements of permittivity is importance in many fields such in biomedical field [6] , military [7] , agricultural [8] and food industry [9] , where it can provide valuable information of a material that has been experiencing physical or chemical modifications. Since every biological material has its own permittivity value, therefore, the detection mechanism for microwave biosensor is based on the fact that every material have a distinct difference in their permittivity characteristics. Due to that reasons, a number of microwave based sensor for DNA detection [10] [11][12] [13] have been proposed. Nevertheless, the suggested designs faced complexities in fabrication procedure by integrating the devices with nanomaterial such as graphene and carbon nanotube.
Recently, a new microwave sensing device inspired by metamaterial structure was being developed as an alternative to labelling method due to the fact of their high sensitivity, miniaturization and label-free biomolecule detection capabilities. Furthermore, it was proven that metamaterial structure can demonstrate a strong localization and enhancement of electric fields in order to enhance sensor's selectivity in detecting material under test as well as able to detect an extremely small amounts of substances [14] .
In earlier designs, different configurations of Split Ring Resonators as one of the popular metamaterial structure have been demonstrated experimentally in biomolecular detection. For example, Lee et al, [15] [16] has successfully demonstrated a Double SRR based biosensor in detecting DNA hybridization event. The proposed sensor was also used to measured biotin -978-1-5386-0475-5/17/$31.00 ©2017 IEEE straptividin binding interaction [17] and also hormones and antigens detection [18] . However, even though the sensor showed a notable resonant frequency shift, the occupied sensitive areas for the sample detection were large and the biomolecular concentration used was high (~ 1μg/mL) [15] [16] . In addition, the sample was immobilized to the surface of the ring which degrade the quality factor and therefore, the performance of the sensor itself due to oxidation of metal trace.
From the previous study [15] [16] [17] [18] , none of these configuration is fully utilizing the capability of metamaterial with field localization and high quality factor resonance. Therefore, a new microwave biosensor inspired by Split Ring Resonator (SRR) structure is proposed to enhance the sensitivity and selectivity of the device for biomolecule detection. In our previous work [19] , a remarkable shift of resonance frequency is obtained which actually caused by the capacitance changes of the permittivity value of the metamaterial structure due to the introduction of liquid and solid sample. Therefore, there is a possibility that the proposed sensor can also be used in the biosensing applications due to the fact that every biological material has their own permittivity value.
In this work, by coupling an Aligned Gap Multi Split Ring Resonator (AGSRR) with a microstrip transmission line, a highly sensitive sensor has been demonstrated. It is believed by increasing a number of rings and aligning the split gaps within the same direction, will provide a confined and strong electric field in sensitive area especially for biomolecule detection. Furthermore, the proposed sensor is basically simple, straight forward and able to detect the presence of DNA by reducing the number of preliminary steps in the DNA sample preparation.
II. OPERATION PRINCIPLE

A. Sensor Design
Generally, an SRR structure which consists of two or more concentric split rings, can be modelled by a simple LC resonant circuit where the resonant frequency can be calculates as in (1) . Specifically, the capacitance, C value depends on splits and gap between the concentric ring as well as dielectric materials between metal surface while inductance, L depends on the metal dimensions and length of the structure itself. According to (1), the resonance frequency, fr will be shifted to lower frequency as the inductance or capacitance increased and vice versa. Therefore, by varying the size of SRRs structure was considered as a unique method to shift the resonance frequency to the desired ones. In addition, the changes in capacitance or inductance due to dielectric sample loading will leads to a significant shift in the resonance frequency, fr which allow detection of small amount of sample.
(1) Aligned Gap Multi Split Ring Resonator (AGMSRR) sensor is designed to study the feasibility of the proposed metamaterial structure for biomolecular detection. According to the research conducted by Bilotti et al. [20] , the distributed capacitance will increase by having multiple ring of SRR, leading to lower resonance frequency [21] . Furthermore, the rings of the proposed structure are aligned in the same direction to increase as well as to localize the electric field region within the split gap area for better coupling method with material under test.
The outline of the sensor is illustrated in Fig. 1 . The sensor comprises of a microstrip transmission line loaded with an AGSRR structure on both sides. It is observed by introducing AGSRR structure at each side of the transmission line, the proposed sensor has slightly lower resonant frequency and deeper dip in their transmission resonance. Furthermore, one side of the structure will be used to interrogate the material under test while the other side offers as the reference resonance frequency. In addition, the rectangular shape is proposed to maximize the coupling effect of electromagnetic wave by the transmission line.
The sensor is designed and simulated using Computer Simulation Technology (CST) Microwave Studio software with the following parameters: the ring width, w and the gap between ring, g are 0.3mm while the split gap between ring, s is 1 mm . By using Rogers RT 5880 substrate with dielectric constant r = 2.2 and = 0.009, the microstrip line has a width of 2.445 mm and length of 35 mm.
B. Sensor Theory
Generally, the resonance method in detecting and characterizing material under test usually provides higher accuracy and better sensitivity. The relationship between the material properties and the change in resonance frequency and can be expressed as follows [22] : (2) where fr is the shift in the resonance frequency fr, and are the change in the permittivity and permeability, respectively, and v is the perturbed volume. E0 and H0 are the field distributions without the perturbation and E1 and H1 are the field distributions with the perturbation. It is proven that from (2), the resonance frequency changes when a material under test with different value of permittivity, , or permeability, μ interacts with the electromagnetic field distribution of a resonating structure. Therefore, from (1) and (2), it is observe that the resonance of the Split Ring Resonator is dominated by the permittivity value of the sample. This shows that the resonant frequency shift can be exploited as a measurement of any biomolecule sample. To date, the above mentioned resonant method was successfully demonstrated by numerous researchers to characterize the properties of the material under test. [23] [24]. 
III. SAMPLE PREPARATION
Relatively, the bio molecule detection mechanism is based on resonance frequency, fr and magnitude, S21 shift. The interaction of a sample with the electric field within the sensitive capacitive area of resonator will induced a shift in the resonant frequency. In this work, a Single Stranded Deoxyribonucleic Acid (ssDNA) and Complementary Deoxyribonucleic Acid (cDNA) were used in DNA hybridization event to form double stranded Deoxyribonucleic Acid (dsDNA). In general, DNA consist of double stranded helix structure due to hydrogen bonding of specific base pairs, such as Adenine-Thymine (A-T) and Guanine-Cytosine (G-T) between ssDNA and cDNA as in Fig. 2 . In immobilization phase, only ssDNA was anchored to the surface of the substrate through covalent bonding, while in hybridization phase, the cDNA will be coupled with the ssDNA according to the specific pair to form double stranded DNA (dsDNA). Typically, the DNA samples were placed on a substrate material that facilitates the hybridization test. Therefore, the DNA immobilization and hybridization is recognized with a shift of resonant frequencies and S21 in discriminating the signal for the detection of biomolecule. In order to study the sensitivity of the sensors, the concentration of the target solution were prepared at 100 microM, 50 microM and 1 microM.
All synthetic DNA samples were purchased from First Base laboratory Sdn. Bhd., Selangor. The base sequences were as in Table 1 . All DNA solutions were diluted using TE Buffer (10 mMTris, 1 mM EDTA, pH 8.0) before used as stock solutions and stored in frozen condition. A modified thiol linked-ssDNA was used for immobilization of the biomolecule onto the gold coated substrate to provide covalent bonding between thiol and the gold surface. The gold substrates were prepared by sputtering a 3 nm adhesion layer of Chromium and then layered by 50 nm gold onto cleaned dielectric substrates. To attain the first immobilization phase, the gold substrate was immersed in a DNA solution within 24h in room temperature. The unbound probe was removed by several washings with TE buffer and dried. Then, the immobilized probe was immediately hybridized with complementary DNA for 3h at room temperature, in which the binding of ssDNA and cDNA were successfully accomplished. Finally, the substrate were cleaned by removing remaining residue from the gold surface by thorough washing process. Fig. 3 shows the conceptual schematic representation of the DNA immobilization process and also hybridization process.
IV. EXPERIMENT
The proposed sensor was fabricated using standard photolithography technique as shown in Fig. 4 . The AGSRR structure was patterned on top of Roger RT5880 substrate, while the other side is grounded. A sensor holder was used to avoid misalignment by the coaxial cable when the sensor directly connected to an Anritsu 37347D Vector Network Analyzer (VNA) for S-parameter measurements. The experimental setup is outlined in Fig. 5 .
From the previous paper [25] , the most sensitive locations of the proposed sensors to detect the presence of the sample was between the split gaps which the highest electric field localization exhibit. Therefore, the biomolecule sample was placed within the split gap area of one of the AGSRR structure while the other AGSRR structure was left empty for reference purposes. Here, the gap capacitance of the proposed sensor was compromised by loading a dielectric materials within the gap. During the measurement, the response of the sensor was monitored and the resonant frequency shift was recorded upon loading with the material under test. A small size gold coated substrate was placed on the sensing region of the resonator. Later, this gold coated substrate was used as a surface for immobilizing and hybridizing the DNA molecule. Once the binding is occurred, the S-parameter was measured. In order to direct a target biomolecule in the current device, the immobilized sample should be dried because the resonant frequency is greatly influence by the effect of solution. The gold coated substrate can be taken out and placed with another new sample. Therefore, this device is reusable by replacing the gold coated substrate for different type of biomolecule sample. In this work, the S21 parameter was used as discriminating signal for biomolecule detection due to its resonant frequencies. Therefore, the DNA immobilization and hybridization event were recognized with a shift in S21 resonant frequencies.
During the experiment, ssDNA and cDNA samples with various concentrations were used for evaluating the performance of the proposed biosensor at microwave frequencies. The microwave transmission characteristics of the resonator were measured for the unloaded sensor, then for immobilization of ssDNA and finally for the hybridization between ssDNA and cDNA. The resonance frequency of the sensor in the absence of biomolecules was 4.96 GHz. When thiol link ssDNA was immobilized onto the gold surface, the frequency has been shifted to 4.91 GHz. The difference of frequency, fimmobilization was 50 Mhz once the immobilization process is achieved. After the hybridization process was occurred, where the binding of ssDNA with cDNA for 100 μMolar concentration took place, the resonance frequency was shifted down to 4.81 GHz. The frequency deviation for hybridization process, fhybridization was 100 MHz. The conceptual diagram of the frequency shift was illustrated in Fig.  6 . The experiment was repeated with different concentration from 100 μMolar until 1 μMolar for cDNA sample. Fig. 7 shows the measured S parameters of the bare sensor, after the introduction of ssDNA sample, and finally the binding of various concentration cDNA with ssDNA sample. From the results, it is indicated that the resonance frequency shift are sensitive to the concentration of target DNA. From Fig. 7 , an observation is made that the shifted frequency may be further increased using higher concentration. The reason of changes in frequency and magnitude of S21 is due to changes in capacitance or inductance of resonator surface. In this situation, 2 nanometer size biomolecule layers is formed by the coupling of two biomolecules that having different permittivity [26] . Furthermore, when biomolecule is bound to the gold layer, the conductivity of gold surface is change according to the concentration of biomolecule.
In this experiment, the sensor reveals its resonance frequency in the vicinity of 4.96 GHz and the loaded Q value was measured to be 165 approximately. It is important to note that the Q-factor determines the notch of the resonance. The higher the Q-factor, the narrower the resonance dips, hence the more sensitive the sensor is. The Q factor which is related to the sharpness resonance peak or dip is given in (3) where fr is the -3dB bandwidth relative to its resonance frequency [12] . (3) The resonant frequency, fr and Q factor are considered as biosensing parameters since these parameters provide an information on the occurance of biomolecule binding event. Generally, the Q factor represent the characteristics and performance of the sensor while the shifts in resonance frequency, fr indicate the changes of inductance and capacitance due to biomolecular interaction. Table 2 summarized key measured characteristics of the resonator when the DNA sample was introduced. Generally, each biological material has its own permittivity characteristics. It is observed, a shift in resonance frequency is dictated by the amount of concentration of DNA solution. For higher concentration, the frequency shifts to lower resonance frequency value. Therefore, the shift in resonance frequency can be used to distinguish different DNA sample. Moreover, the loss tangent of a sample affects the Q factor of the resonator. A larger loss tangent leads to the lower Q factor. From the given results, the sensor loaded with higher concentration of DNA has lowest Q factor compared with others. It can be interpreted that the loss tangent of cDNA is higher than ssDNA. The resonant frequency of the device with respect to the changes in molecular concentration is shown in Fig. 8 . The regression analysis reveals a good linear correlation, r 2 = 0.996 for the proposed sensor. The linear fit the experimental result which indicates a sensitivity of 10 MHz/μMolar, revealing that the proposed biosensor has a good sensitivity for the detection of nanometer sized biomolecules. The surface morphology of ssDNA and dsDNA gold coated substrate were identified using Atomic Force Microscopy (AFM) in non-contact mode. Fig. 9 illustrated results of morphological studies obtained using AFM of bare gold substrate for Fig. 9(a) , immobilization of ssDNA on gold substrate in Fig. 9 (b) and hybridization of immobilized probed and target probe for Fig. 9(c) . Fig. 9(a) shows the nonporous morphology of granular structure of gold coated substrate with roughness of 4.520 nm, and the surface roughness increase to 49 nm after the immobilization process as in Fig. 9 (b) due to formation of self-assembled monolayer of thiolated ssDNA onto the gold surface. Next, as in Fig. 9(c) , the surface roughness after the hybridization process is observed as 28 nm that indicate the target DNA is hybridized with the DNA probe present onto the gold surface. In this work, an Aligned Gap Multi Split Ring Resonator Sensor was experimentally demonstrated as a biomolecular sensor where the interactions between single stranded-DNA and complementary-DNA are detected. When thiol-linked single stranded-DNA was immobilized onto a gold surface and then coupled with complementary-DNA, the resonance frequency shift by fssDNA=50 MHz and fhybridization=100 MHz at the concentration of 100 μMolar, respectively. It was observed from the results that the frequency was decreased as the concentration of cDNA was increased with the detection limit of this sensor was 1 μMolar. Furthermore, the sensitivity of the device was obtained as 10 MHz/μMolar with respect to changes in concentration of cDNA.
Although the dimensions of the proposed sensors are larger than the nanoscale size of the biomaterial, the presence of ssDNA and the binding with cDNA could be detected at microwave frequency. Due to its simplicity of fabrication, it is expected that the proposed microwave biosensor can be a candidate for exploring cost competitive, reusable or disposable bioanalysis system.
